Abstract-Resonant frequencies and coupling coefficient between two combline cavities, in the presence of other cavities, are obtained accurately using the mode-matching technique. The effect of iris dimensions and position on the electric and magnetic coupling is rigorously investigated. The corresponding data for two isolated cavities are included for comparison. The adjacent and nonadjacent couplings are rigorously investigated for different configurations of three coupled cavities. A four-pole slot-coupled elliptic combline filter is designed.
I. INTRODUCTION
T HE conventional combline filter consists of a set of metal bars, spaced, grounded at one end, and loaded by lumped capacitors or open circuited at the other side. The comblines are viewed as coupled TEM-mode transmission lines [1] . By increasing the electrical length of the resonators, selectivity on the high side of the passband increases, but decreases on the low side. To design combline filters with narrow bandwidth, with transmission zeros to improve the selectivity or with small spacing between resonators to miniaturize the dimensions, irises between resonators are then needed. The irises control the couplings, which could be either magnetic or electric. Accurate determination of coupling between two isolated combline cavities has been reported [2] - [4] . However, there is no accurate modeling of the coupling between two cavities in the presence of other couplings, particularly in a canonical configuration. In this paper, a rigorous method using the mode-matching technique is applied to calculate the resonant frequencies and the slot coupling coefficients of combline cavities in the presence of adjacent cavities including the configurations usually seen in canonical filters. The results obtained are used to design a four-pole elliptic function filter. The effect of nonadjacent coupling between combline cavities is also rigorously investigated.
II. MODELING

A. Building Blocks Modeling
The structure of iris coupled combline cavities under consideration is shown in Fig. 1 . The structure that is usually seen in canonical filters can be modeled by cascading the building blocks shown in Fig. 2 . From these blocks, the slot discontinuity is easily modeled using the full-wave mode-matching technique. Therefore, the key problem of modeling slot coupled combline cavities, in the presence of other couplings in the canonical configuration, is to compute the scattering matrices of a cylindrical metal post in a right bend and a T-junction. To do this, the symmetrical (all ports are assumed to have the same cross-sectional dimensions) cross waveguide junction, shown in Fig. 2(a) , is analyzed first [11] . By considering its symmetrical properties, the generalized scattering matrix of the cross waveguide junction can be derived from four sets of two ports generalized scattering matrices obtained by bisecting the junction at the symmetry planes using combination of perfect electric wall (PEW) and perfect magnetic wall (PMW). The following four cases are analyzed: PEW-PEW, PEW-PMW, PMW-PEW, and PMW-PMW, where the first wall is placed at the vertical plane of symmetry and the second wall is placed at the horizontal plane of symmetry, as shown in Fig. 3 . Since the cases of PMW-PEW or PEW-PMW are the same, it is sufficient to analyze three different cases of two-port structures [11] from which the generalized scattering matrix of the cross junction is obtained using (1) , shown at the bottom of the following page.
Each element of the matrix is a generalized matrix, e.g., represents the generalized scattering matrix of the right-angle bend (quarter of the structure) in case of a vertical PMW (represented by superscript ), horizontal PEW (represented by superscript ), and so on for other elements.
The generalized scattering matrices of the T-junction and the right-angle bend are obtained by placing short circuits at one or two adjacent ports, respectively. Similarly, by placing short circuits at two opposite ports, the generalized scattering matrix of a post inside a rectangular waveguide is obtained. A cascading procedure using generalized scattering matrices [6] , [13] is employed with proper terminating conditions to calculate the resonant frequency and the coupling coefficient between two combline cavities in the presence of other couplings. Fig. 4 shows the model of the structure of Fig. 1 using the building blocks of Fig. 2 . In this model, the input/output couplings are neglected and the input/output ports are short circuited. In the model, a PEW or a PMW is placed only between the two combline cavities required to compute their coupling.
B. Iris Coupled Combline Cavities in the Presence of Other Couplings in Canonical Configurations
The other two cavities are detuned off resonance. The two resonant frequencies and (corresponding to PEW and PMW, respectively) are computed. The coupling is obtained in terms of and by using (2) [4] as follows:
(1) and the resonant frequency of each cavity is given by
Equations (2) and (3) are based on the assumption that the two coupled cavities are identical. If this is not the case, short-and open-circuit conditions have to be realized at one end of the network successively to obtain two zeros ( and ) and one pole ( ), respectively, from which the coupling coefficient can be computed as [2] (4) 
C. Nonadjacent Coupling Between Combline Cavities
During the tuning process of combline filters, it is found that there is an undesired coupling between nonadjacent cavities. This kind of coupling is responsible of the deviation of the filter response from the one obtained from the synthesis procedure. Different configurations of three coupled cavities are shown in Fig. 5 , where the coupling structures 1 and 2 could be any waveguide discontinuities or their combinations. For these configurations, there exist the adjacent couplings between cavities 1 and 2 and between cavities 2 and 3 in addition to the nonadjacent coupling between cavities 1 and 3. Fig. 5 (e) shows the equivalent circuit of three nonadjacent coupled cavities near a resonant frequency [4] . The coupling and cavities 1 and 2 resonant frequencies are given by [4] (6) (7) (8) where and are the two natural frequencies when the short circuit is placed at the --plane and the open-circuit condition is placed at the --plane;
is the resonant frequency when the open circuit conditions are applied at both the --and --planes. Switching the input port at plane -and repeating the above procedure, the coupling a nd cavity 3 resonant frequency are then given by
where and are the natural frequencies when the open circuit is placed at the --plane and the short-circuit condition is placed at the --plane. From the knowledge of the resonant frequency of each cavity, as well as the adjacent couplings, the nonadjacent coupling is obtained by placing a short-circuit condition at both the --and --planes. Three natural frequencies, i.e., , and , will exist and satisfy (11) from which the nonadjacent coupling is obtained as follows: (11) where are defined as (12) III. NUMERICAL RESULTS
A. Effect of Iris Height on Coupling
The effect of iris height ( ) on the coupling and resonant frequency is investigated. The iris is either placed at the short-circuit end giving the positive coupling (magnetic coupling) or placed at the open end giving the negative coupling (electric coupling). The results obtained from the model proposed in Fig. 4 , taking into account the adjacent irises effect, are compared to those obtained for two isolated cavities. Fig. 6(a) shows the effect of iris height on the positive coupling. The curve shows an increase of the coupling up to a maximum value at then decreases with further increase of height. The figure also shows that the coupling obtained when taking the adjacent irises' effect is larger in value than the one obtained between two isolated cavities. Fig. 6(b) gives the variation of resonant frequency with iris height. The resonant frequency is decreasing up to a minimum resonant frequency at and then starts to increase again with further increase of iris height. The figure shows that the loading effect of adjacent irises decreases the resonant frequency by 38.6 MHz from that of two isolated cavities. In the design of narrow-band filters, this shift of resonant frequency must be taken into account. The effect of iris height on the negative coupling is shown in Fig. 7(a) where the negative coupling increases as the iris height increases. The coupling has its maximum value at and then decreases until it becomes positive coupling at . The coupling for two isolated cavities is close to the one obtained when taking the adjacent irises' effect into account. The corresponding resonant frequency curve is shown in Fig. 7(b) , where the resonant frequency is increasing with the increase of the iris height up to a maximum value at , and then it starts to decrease again. The resonant frequency when taking the adjacent couplings' effect is reduced by 42.3 MHz from that between two isolated cavities.
B. Effect of Iris Width on Coupling
The results obtained from the accurate model in Fig. 4 , taking into account the adjacent irises' effects, are compared to those obtained for two isolated cavities. Fig. 8(a) shows the variation of the magnetic coupling (positive coupling) with the iris width. Fig. 8(b) shows the variation of the resonant frequency versus the iris width. The loading effect when taken into account shows a difference of 40 MHz from that of two isolated cavities. Fig. 9(a) shows the effect of the iris width on the electric coupling (negative coupling). For very small width, the coupling is almost zero. As the width increases, the coupling increases up to a maximum value at , after which the coupling decreases with further increase of the iris width. Fig. 9(b) shows the variation of the resonant frequency, for the case of negative coupling, versus the iris width. The resonant frequency increases with the increase of width up to a maximum value at after which the resonant frequency decreases with a further increase of the iris width. The curves also show that the loading effect due to the adjacent irises' effect is about a 41 MHz difference from the case of the two isolated cavities.
C. Effect of Post Gap on Negative Coupling
The effect of post gap variation on electric coupling is now investigated. The variation of the post gap is inversely related to the variation of the post length that controls the resonant frequency. Fig. 10(a) shows the effect of the post gap on the negative coupling where the coupling increases as the post gap increases up to a maximum value for , after which the coupling decreases as the post gap increases. The negative coupling, when the adjacent irises' effect is considered, is larger than the one obtained from two isolated cavities. Fig. 10(b) shows the variation of the resonant frequency for the case of negative coupling as a function of the post gap. The resonant frequency increases with the post gap. This curve indicate which post gap should be used to compensate for the resonant frequency reduction due to the loading effect. Fig. 11 shows the effect of varying the post length of the second and third cavities (the post length of the first and fourth cavities is held fixed) on the shift of each cavity resonant frequency from the desired center frequency of the filter. This curve shows that there is a unique post length giving a minimum equal shift ( ) for all cavities, i.e., all the cavities are synchronously tuned. Practically, the coupling and resonant frequency can be adjusted by varying the post gap and by inserting a coupling screw in the iris between each two cavities, respectively. Fig. 12(a) shows the effect of the coupling screw length on the coupling between two identical cavities. The coupling increases as the screw goes deeper into the iris. Fig. 12(b) shows the corresponding cavity resonant frequency variation. Fig. 13 shows the effect of the partial post height on the negative coupling. As increases, the coupling switches from negative to positive coupling. iris width on the adjacent and nonadjacent couplings for the case of three coupled cavities forming a right-hand corner, as shown in the inset figure, as the iris width increases, the couplings are increasing.The nonadjacent couplingforthecaseofthreecoupled cavities forming a right-hand corner is larger than the one where the three coupled cavities are lined up.
D. Nonadjacent Coupling
E. Design Example
As an application of the modeling, a four-pole slot-coupled combline filter centered at 2.595 GHz with 29-MHz bandwidth is designed. To realize the design by combline cavities, the schematic configuration shown in Fig. 1 is used. The top plane in the configuration is the ground plane. The input and output coupling of the filter are realized by a tapped-in 50-coaxial line. The tap-in position that gives the required coupling is found by using HFSS. 1 The initial slot dimensions are determined by the method described in the previous section to give the required coupling for each slot. The coupling matrix to be realized is given by
The initial filter response is shown in Fig. 16 . Fig. 17 shows the optimized response of the four-pole elliptic function filter. After optimization, all the cavities are synchronously tuned with resonant frequency equal to 2.599 GHz. 
